Combined heat and power (CHP) 
o-generation (or combined heat and power production, CHP) refers to the simultaneous generation of power and useful heat or cooling and is a key option for climate change mitigation, and for a more rational use of energy towards the ideal of a more sustainable development. Compared to the separate generation of heat in boilers and power in condensing plants, co-generation systems offer higher energy efficiency levels (up to 90 %) that lead to fuel savings of typically between 10-40 %, depending on the technique used and the system replaced. Hence, a widespread use of CHP could significantly curb primary energy needs and allow for environmental and socio-economic benefits per unit of output. This article provides a coherent and concise overview of the various aspects decisive for the promotion and further exploitation of CHP use. Such a synopsis is not trivial, because CHP comprises a multitude of technologies and applications in different framework settings, thus providing a challenge to effective policy action. The European Commission recently submitted a proposal for a new directive on the promotion of CHP within the European Union (EU), which is currently discussed among CHP experts. We hope that our contribution will prove useful for the scientific and non-scientific community and for policy-makers alike in getting a better understanding of what co-generation is all about and of the recent developments in CHP policy at the EU level.
1.CHP Diffusion and Potential in Europe
In the EU, electricity produced in CHP units accounted for some 12 % of total electricity production in 2000, a figure that changed only slightly during the 1990s -despite the Commission's announcement to raise the share to 18 % by 2010 [1] . The diffusion dynamics and share of CHP in the overall heat and power supply system vary widely among nations (see Figure 1 for an overview of the European situation), reflecting different boundary conditions (such as fuel prices and domestic fuel availability, structure and historical development of the industrial sector, existence of district heating networks, etc.) and the energy and environmental policies in place.
While the CHP potentials in southern countries are reduced due to the lower heating demand, industrial co-generation (see the example of Italy) and cooling needs (e.g. for air-conditioning) offer plenty of opportunities to extend the use of CHP. Countries with comparatively high CHP shares, such as Denmark, the Netherlands or Finland, frequently have implemented dedicated policies for the promotion of CHP and often also policies for district heating, an important application of CHP. In other countries (e.g. the UK), the rapid growth of CHP utilisation has been mainly a result of the improvement in business opportunities for independent power producers in the process of electricity market liberalisation.
The EU-funded research project "Future COGEN", completed in 2001, aimed at quantifying the future market potential of CHP in Europe under various scenarios. It was estimated that the market share could be almost tripled by 2020, compared to 2000 levels [2] . However, the authors of the study also concluded that, even for the most optimistic scenario, CHP is unlikely to surpass an EU-wide average share of 18 % of total electricity generation by 2010. A higher CHP share would require the creation of significant new CHP market segments, for example based on decentralised micro-generation technologies, especially for residential applications.
Applications and Technologies
The effort to reduce fossil fuel consumption and to cut carbon dioxide emissions focuses on two strategies. First, a more efficient use of energy on the demand side. Second, the efficient conversion of energy into end-use energy forms, such as heat for industrial applications or for heating, and power for directly driven industrial systems (e.g. compressors) or for electricity generation. Today, electricity is mainly generated in fossil-fuelled thermal or nuclear power plants, or from regenerative energy sources like hydro, wind, and solar power.
Conversion processes are commonly assessed by comparing their energy efficiency, that is the ratio of energy output to energy input. Boilers that produce heat achieve efficiencies of about 85-95 %, while thermal power plants for electricity production show values in the range of 35-45 %, largely depending on the tech-nology used and the vintage of the plant. In other words, in thermal power plants that generate electricity only, a large amount of heat is released unused to the environment. Co-generation, essentially using the same technologies, allows for an exploitation of this excess heat. The overall efficiency, or the ratio of electricity plus heat output to fuel input, totals about 70-90 %, meaning that, to produce the same amount of power and heat, less fuel input is needed than in separate production. The drawback of CHP lies in the fact that, due to technical preconditions, the power generation efficiency (the ratio of power produced compared to fuel input needed) is lower than that of comparable thermal power-only plants. The maximisation of power output is preferable from a thermodynamic point of view, as electricity is considered of higher quality than heat energy 1) . In practical applications, the choice of CHP technology and the operation of the plant depend on daily, weekly and seasonal electricity and heat demand patterns. In developed countries, the total heat demand in buildings and for industrial applications has stagnated or declined in recent years, a trend likely to continue due to improved building design, insulation, and more efficient processes. At the same time, the demand for electricity is expected to increase, driven by a more intensive use of communication and control technology. The resulting shifts and variations in heat and electricity demand can be partly overcome by using CHP technologies with a higher or a more flexible power-to-heat-ratio.
In the same way that CHP technologies vary widely (see Excursus), so do their applications, both in scale and scope, with regard to the input fuels used and the way the generated heat and electricity is distributed. Broadly speaking, three groups of "classical" applications may be distinguished: (1) industrial CHP applications; (2) district heating applications; and (3) small-scale applications. Another possibility, which has gained popularity in recent years, is the combination of CHP plants with cooling units to produce chilled air or water, commonly referred to as "tri-generation" (see subsection 2.4).
Industrial CHP
The use of CHP in manufacturing and in the service industry has a long tradition. Most applications are in plants with a high demand both for thermal energy (steam, hot water, hot gases, cooling) and for power. Thus, CHP plants are particularly found in energy-intensive sectors, such as paper and board, basic chemicals, refineries, iron and steel, food and textile processing, wood working, and mechanical and vehicle engineering. Natural gas, biogas and solid wastes (e.g. paper and wood wastes) are the major fuel options today.
Many CHP plants are individually designed for specific requirements. As a consequence, the size, type of technology, and fuels used vary widely, making it more difficult for manufacturers and suppliers to cut costs by means of standardisation and economies of mass production. Usually, industrial CHP units are designed to meet the heat demand of associated industrial facilities. A connection to the public power grid and heat storage facilities provides increased flexibility for optimal operation with respect to variations in electricity and heat demand and prices.
District Heating
District heating (or cooling), in contrast to individual heating, refers to the centralised production and networkbased distribution of thermal energy. District heating systems are commonly owned and operated by public utility companies, although, under favourable conditions, some industrial CHP plants -operated either independently or in cooperation with the utility -feed lowtemperature heat into a local grid. While many district heating schemes continue to be supplied by heat-only boilers, district heating constitutes a major area for CHP applications. Due to considerable network losses, the grids are limited in size, with an average length of 10-15 kilometres. They are commonly fed with hot water. In Europe, district heating systems are mainly found in the northern countries, where continuous and high demand for heat in winter justifies the high investment costs [4] . The share of CHP-based district heating systems varies widely -from some 22 % in France to about 92 % in the Netherlands. In recent years, the share of 1) The first law of thermodynamics states that in a closed system energy cannot get lost during conversion processes. However, according to the second law of thermodynamics the "quality" of energy (the so-called "exergy" or "free energy", characterised by the fraction that can be transformed into mechanical or electrical work), can diminish. Heat, unlike mechanical or electrical work, cannot completely be transformed into non-thermal energy. The amount of losses depends on the difference between the temperature of the heat to be transformed and the temperature of the resulting waste heat (Carnot efficiency). Heat at ambient temperature cannot be transformed into any other form of energy and, therefore, its quality is zero. (For a detailed exposition see for example [3] .) in brackets: percentages natural gas and renewable energy sources (biomass and biogas) has increased substantially across Europe, while solid fossil fuels (particularly coal and coke) have become less important [5] . This is in line with the general trend of increasingly using natural gas as a substitute for coal. District heating not only enlarges the pool of potential users of recovered thermal energy, but also provides an opportunity to exploit additional energy sources that are better suited for combustion in largescale systems and that would otherwise remain unused (e.g. municipal solid waste).
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Small-scale CHP
Small-scale CHP systems for the residential and commercial sectors are typically compact and to some extent standardised container units comprising a reciprocating engine (fuelled by heating oil, natural gas, or biogas), a generator, and a heat recovery system. Recent developments of small and often modular system technologies (e.g. micro-gas turbines, fuel cells) and remote control systems have given rise to a new paradigm in energy supply which is based on decentralised (or "distributed", "embedded") generation [6] . The idea implies that small and frequently CHP-or renewables-based electricity generating units are interconnected via data transfer and bundled in so-called "virtual utilities", with total power capacities as high as 10 megawatts (MW) [7] , and/or additionally linked by mini-heat-grids in a closely constrained area. This bundling of decentralised capacity enables a more flexible response to energy demand needs. In liberalised markets it also challenges conventional thermal generation in large and centralised district heating systems, not least because transmission losses (typically around 8-10 %) can essentially be avoided.
Decentralised co-generation has an enormous economic and social impact potential, as the expected economies of mass production of modular, relatively small-scale and increasingly standardised systems will make it attractive to an increasing number of potential adopters. Economies of mass production, however, are at least partly offset by higher planning, installation and maintenance cost per unit of capacity installed.
Tri-generation -Combining Co-generation with Cooling
Tri-generation, the combination of CHP plants with cooling units to produce chilled air or water, can either make use of power driving a compressor chiller, or heat used in absorption chillers. Compared to heat-and-power-only generation, tri-generation permits a more flexible use of CHP units. By connecting air-conditioning systems to the CHP unit, cogeneration plants can be operated more profitably due to increased annual operating hours. The growing demand for airconditioning and other cooling applications holds promising prospects for tri-generation use and further development, especially in Southern Europe.
Ideal objects for tri-generation include office and (multi-family) residential buildings, hotels, shops, swimming pools, schools, hospitals, and small-scale industries. Alternatively, cooling grids can be operated similarly and in parallel to heating networks. However, as the installation of new cooling networks is costly, on-site tri-generation is the dominant option today and probably in future applications.
Environmental and Socio-economic Benefits
Apart from fuel savings, CHP use can also lower emissions of greenhouse gases (especially CO 2 ) and pollutants (especially SO 2 and NO x ). The reduction of pollutants, however, is of minor importance as it heavily depends on variables such as the fuel used, the clean-up technology employed, and the heat and power generation displaced -CHP-specific technological characteristics (such as plant efficiency) play a minor role. Size is also crucial, since large systems tend to pollute less on a unit of output basis (despite considerable technological progress of small-scale systems in recent years) and are easier to monitor due to their smaller number [8] . The greenhouse gas mitigation potential attributable to CHP mainly translates into avoided CO 2 emissions and is therefore roughly proportional to the amount of energy saved. The exact amount of energy and CO 2 emissions saved depends on the reference scenario or case considered (primarily the fuels used and the energy efficiency on the electricity supply side). An especially high socio-economic impact may accrue from smallscale and decentralised co-generation systems. Future CHP micro-technology options, such as fuel cells and micro-turbines, have attractive and innovative systemic features, which may fit to the decentralised nature they are designed for. First, fuel cells are very quiet, because they have no (and micro-turbines and Stirling engines few) moving parts. Second, pollution from fuel cells is relatively low -for example, compared to conventional gas turbines, fuel cells produce few substances contributing to acidification (SO 2 , NO x and NH 3 emissions) and eutrophication (NO x emissions). Finally, fuel cells play a vital role in the vision of a sustainable, hydrogen-based society, in which the use of fossil fuels is largely replaced by hydrogen produced from renewable energy sources [9] . The prospect of a more decentralised heat and power production is an opportunity for a more pluralistic (e.g. larger number of technologies and market players, more varied fuel logistics and grid use) and a more participatory (e.g. larger number of stakeholders with a potential influence on investment decisions) energy system. However, while CHP plants normally need to be connected to the electric grid, the additional connection to the gas grid aggravates grid dependence further. Nevertheless, an increased penetration of decentralised CHP systems can be expected to strengthen the resilience of the grid-dependent electricity supply system, because it gradually replaces a system based on a few large centralised power suppliers with one based on a large number of much smaller sized generators. Besides, the decentralised production of heat and power offers attractive new perspectives for remote and rural communities.
Additional business and job opportunities do exist. Their actual extent is mainly dependent on two effects attributable to CHP systems: (1) the import substitution effect (reduced need for fuel imports) and (2) the investment effect (direct, indirect and induced income and employment effects). Studies with economic models that incorporate both effects have shown that CHP systems can indeed create net additional employment [10 as cited in 11, 12] .
CHP Economics in Liberalised Markets and Political Trade-offs
Competitiveness in Liberalised Energy Markets
The economics of CHP plants mainly depend on plant characteristics, load factors and prevailing market conditions. Demand patterns for heat, cooling and electricity as well as annual operating hours restrict the range of economically feasible technological options, as do the input fuels to be used. More specifically, the competitiveness of CHP schemes is dependent on the condition of the two parallel markets for heat and electricity. On the heat supply side, capital-intensive dis-
The term CHP encompasses a great variety of different technologies. The optimal system configuration strongly depends on the energy services needed, the input fuels used, the annual operating hours and the economic conditions in the exchange with input fuel and heat and power markets, respectively. The most widespread CHP technologies currently in use are:
• back-pressure steam turbines (BPST), • extracting condensing steam turbines (ECST), • gas turbines (usually including a heat recovery boiler) (GT), • combined-cycle power plants (CC), and • reciprocating engines (RE). In back-pressure and extracting condensing steam turbines, steam expands in a turbine, thus producing electricity via a connected power generator. In BPSTs, the steam is extracted from the turbine at a higher temperature and supplied to a district heating network or industrial process. The power generation efficiency of BPSTs ranges between 10 % (for small plants with a capacity of a few megawatts (MW)) and 25 % or more (for larger plants of 10 MW and more). In ECSTs, only part of the steam is extracted for heating purposes, the rest is further expanded using a condenser to a pressure as low as 0.05 bar (5 kPa) (which corresponds to a condensing temperature of 33 °C), thereby producing more utilisable electricity but not more heat. Hence the power generation efficiency of ECSTs is typically larger, although, as a general rule, the overall efficiency diminishes with higher power generation efficiencies as less steam can be extracted for heating purposes. ECSTs provide an additional degree of flexibility as the amount of extracted steam, and thus the ratio of produced power to heat, is variable. Gas turbines are usually smaller in size and capacity, mostly in the range of several MW, and have higher power generation efficiencies (between 25 and 35 %). The exhaust gases from the combustion of (fossil or biotic) liquid or gaseous fuels drive the gas turbine and are subsequently fed into a heat recovery boiler to produce (process) steam or district heat. In combined-cycle power plants, the steam is also used to drive a steam turbine, thus combining the gas turbine plant with a steam turbine plant. State-of-the-art CCs with electricity-only production achieve efficiencies of between 50 and 58 %, while CHP plants reach overall efficiencies as high as 80 %, and power generation efficiencies of 30 to 40 %. Reciprocating engines are available from 5 kW to 8 MW and are typically oil-or gas-fired. They have overall efficiencies of 80 to 95 %, and typical power generation efficiencies of 30 to 40 %. The heat is recovered both from waste heat and exhaust gases. Smaller systems are usually offered in compact, easy-to-install, single-container modules (a typical size being 4 x 2 x 2 m 3 ). The CHP systems described are commercially deployed and widely installed technologies. They are expected to offer only a modest potential for enhancement of energy efficiency. The future lies in micro-generation CHP technologies, three of which are on the verge of market diffusion: • micro gas turbines, • fuel cells, and • Stirling engines.
Micro-turbines are smaller than conventional reciprocating engines and range from 25 to 200 kW. Capital costs per kW are expected in the same range, whereas the need and thus the costs for operating and maintenance (O&M) can be considerably lower per kW of capacity installed. Compared to REs, they have environmental advantages, including lower NO x emissions, although the power generation efficiency (23-30 %) and the overall efficiency (70-75 %) are lower compared to other CHP technologies. Recent developments have lowered production costs and the technology is now beginning to penetrate the end-user market. Fuel cells convert the chemical energy of hydrogen and oxygen directly into electricity; the process involved is similar to that in batteries (compare Brandon and Hart for a brief introduction into fuel cell technology [23] ). Fuel cells are based on the oxidation of hydrogen, a chemical reaction which -in its reverse form -constitutes the electrolysis of water. Because fuel cells do not rely on combustion processes, for which the theoretical energy efficiency is limited by the Carnot factor, their efficiency (at currently achievable process temperatures) is considerably higher than for the technologies described above. Different types of fuel cells are currently under development, varying mainly with respect to the electrolyte used, the operating temperature, and the electric performance ( Table 1 ). The high-temperature waste gases of MCFCs and SOFCs allow the combination with steam or gas turbines, leading to expected power generation efficiencies of up to 70 %. Several types are already in a commercial stage, or about to reach commercial breakthrough within the next 2-3 years. However, to make them cost-competitive with other small-scale applications, production costs still have to drop significantly, e.g. by exploiting economies of scale, economies of scope, and learning curve effects 2) . The Stirling engine technology has been known for more than 150 years [25] . However, although theoretical power generation efficiencies are higher than those of reciprocating engines, realised efficiencies are still too low and generation costs too high. Its comparative advantage accrues from the low maintenance cost, high reliability, low noise levels (compared to reciprocating engines), low emission levels, and especially the wide range of gaseous and liquid fuels that can be used (which makes it particularly attractive for biomass energy applications). Stirling engines are currently built with capacities in the range from 1 to 100 kW, and their power generation efficiency is in the order of 25 to 29 %, with an overall efficiency of about 90 %. Table 1 . Fuel cell (FC) types and characteristics [24] . 
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2) Economies of scale: unit cost reduction potentials accruing from increased production levels at which higher operational efficiencies can be achieved and fixed costs better distributed among the units produced. Economies of scope: cost reductions accruing from synergies of the production of different products within a single company (e.g. because of the joint use of production facilities and inputs, joint marketing/ administration, production of main product provides saleable by-product/s). Learning curve effects: the phenomenon that the unit costs of production typically decrease with time, though at a decreasing rate.
tribution infrastructure needs to be taken into account. On the electricity supply side, in a liberalised market, excess capacities and depreciated power plants result in pricing on a marginal cost basis (or even lower, as was seen in Germany for some time after full market opening) [13] . In addition, access to the electricity market (and particularly grid access) has often been impeded by powerful and wellestablished market players.
Furthermore, due to different stages in the process of market liberalisation (e.g. if electricity markets are opened ahead of natural gas markets), CHP operators have often faced difficulties, especially against hydro power generators, because profitability of CHP plants strongly depends on the spread between electricity and input fuel prices. In order to provide a transparent and level playing field it is important for regulators to effectively prohibit crosssubsidisation from non-competitive to competitive market segments. On the other hand, this "unbundling" may inhibit the exploitation of synergy potentials accruing from the vertical and horizontal integration of businesses.
Uncertainty and risk are prevalent factors especially in the transition phase of market opening. The situation can be further aggravated by uncoordinated, inconsistent, and/or only temporarily implemented CHP policies. 3) Finally, given that many CHP applications are feasible in businesses where energy production is not a core business, financing CHP projects may pose an important obstacle to CHP implementation. Modern forms of outsourcing and financing, however, such as sale and lease back, or contracting by specialised energy service suppliers, can help to effectively overcome this barrier.
The situation for CHP applications is likely to improve in a few years, as excess capacities are expected to diminish and reinvestments become necessary, for which full cost accounting is the appropriate calculus. On this basis, CHP plants offer cost benefits because of energy savings on the input side -even if the environmental benefits of CHP are not (or not fully) taken into account, e.g. in the form of subsidies or a carbon tax [14] . On the other hand, higher investment costs need to be considered for CHP plants. Additionally, liberalisation may boost the application of small-scale applications in decentralised systems, provided that access to power grids at fair and transparent prices is established and maintained. In comparison to large centralised systems, small systems incur lower costs and thus lower investment risks.
CHP Policy in a Liberalised Market
Currently, policies aiming at global climate change mitigation are a major driving force for CHP promotion. Indeed, it is impossible to conceive a sustainable energy system without heavy use of CHP. Effective CHP policy-making in a liberalised market environment implies framework conditions established that allow the share of CHP to grow continuously. However, since boundary conditions and prevailing barriers vary widely between countries, policy approaches have also been heterogeneous in the past (the sustained national CHP policy initiatives of Denmark, Finland, Germany, the Netherlands and the United Kingdom can serve as illustrative and largely complementary examples [15, 16] ). Throughout Europe, various national CHP promotion schemes based both on command-and-control (e.g. standards) or market-based (e.g. subsidies, guaranteed feed-in tariffs, tradable certificates) policy instruments have been discussed. In Sweden, a carbon tax on fossil fuels has fostered the tripling of biomass input to CHP systems within a few years, albeit the total share of CHP is still way below EU average [17] (Figure 1 ). In the Netherlands, a co-generation incentive programme was launched in 1988. Important elements are investment grants, favourable gas tariffs (especially attractive for smaller CHP units) and the establishment of a CHP promotion agency. Under the 1998 Dutch Electricity Act, co-generation was given a special status. Utilities are obliged to accept electricity produced by CHP and a minimum tariff was introduced for electricity supplied to the public grid. These policies led to a tripling of the installed CHP capacity from 2 700 MW in 1987 to 9 600 MW in 2 000 (the target had been set at 8 000 MW) [18] .
In Germany, the introduction of a tradable certificate scheme in combination with a quota target was a major topic in the late 1990s, but the idea was eventually abandoned in favour of a bonus system 3) Recent research has shown that in a liberalised market environment profitability can be raised in the order of 10 %, compared to existing practice, if CHP operators with district heating systems optimise their plants by taking uncertainty into account, and submit optimal bids to the power exchanges (e.g. www.oscogen.ethz.ch). Such an increase can constitute an important element for economic survival of CHP operations in a highly competitive electricity market. Innovative CHP technology at work: The combined fuel cell/microturbine co-generation unit on the site of the Fraunhofer Institute UMSICHT in Oberhausen/Germany represents a path-breaking pilot project for the simultaneous generation of electricity, heating and cooling (initially from natural gas, later from mine gas which would otherwise escape unused into the atmosphere).
(© Fraunhofer Institut für Umwelt-, Sicherheits-, Energietechnik UMSICHT) (that seemed to be easier to implement and is an established instrument) 4) . Now a bonus is granted for co-generated electricity fed into the public grid (thus excluding industrial auto-producers). Higher amounts are paid for modernised or new plants and especially for small-scale units and fuel cells. The aim is threefold: (1) avoiding the shut-down of existing plants; (2) supporting the construction of new plants; and (3) promoting innovative energy technologies. An evaluation of the new scheme, however, seems to be untimely.
The European Commission repeatedly emphasised the key importance of CHP for a more sustainable development in general and climate change mitigation in particular [19] . After its first concrete initiative calling for an increase in the share of CHP from 9 % in 1997 to 18 % by 2010 [1] , it recently submitted a proposal for a directive on the promotion of CHP within the EU [20] . The objective of the directive is to consolidate existing and promote new high-efficiency co-generation installations. It avoids setting a specific future target for the share of CHP, which certainly weakens its implications, but at least contains an explicit obligation for each member state to examine and report on the market potential of CHP on a regular basis. The directive aims at setting a common framework for the promotion of CHP in Europe, while -in line with the subsidiary principle -leaving major aspects of the policy taken (i.e. targets and reference systems to define the environmental benefits) to the member states. A key element of the directive is to determine the actual amount of electricity produced in co-generation mode and to set efficiency criteria by comparing the fuel input of the co-generation system with separate heat and power generation. The first step aims at providing a scheme on how to differentiate between electricity produced in co-generation mode and electricity-only generation for technologies allowing both working modes (mainly extracting condensing steam turbines). Expert discussions currently revolve around the proposed calculation scheme, which should at the same time be understandable and correctly account for all kinds of technologies and applications. A recent study, using similar criteria to define the quality of a CHP application, concludes that 13 % of all European CHP units and about 30 % of the electricity designated as CHP electricity in official statistics are not eligible as quality CHP [21] . For the establishment of efficiency criteria, in a second step, the directive outlines a common methodology for comparison (e.g. the principle that similar fuel categories are to be compared), but leaves it to the member states to define the reference system. Co-generation is labelled "highly efficient" if the energy savings amount to at least 10 %. This threshold applies to new units only; existing units must manage 5 %, and 0-5 % savings are considered sufficient for small and bioenergy-fuelled units. The actual environmental benefits depend heavily on the reference system chosen and thus, with only one or a few reference systems applied, the proposed calculation scheme will tend to fail to appropriately account for the whole spectrum of different CHP applications and operation modes. A carefully designed (and to some extent complex) calculation scheme in the first step, however, might make the reference system redundant altogether.
Despite the weaknesses described, we consider the directive a good starting point for effectively promoting CHP, while taking into account the large diversity of technologies and applications subsumed under the heading CHP.
In the years to come, the flexible mechanisms aimed at reducing climate change adopted with the 1997 Kyoto Protocol will be major drivers for the penetration of energy-saving technologies. Projects within the framework of Joint Implementation (JI) or the Clean Development Mechanism (CDM) further the diffusion of advantageous CHP technologies to transition and developing countries. Within the EU, an emission trading scheme is proposed to help achieve the target of reducing greenhouse gas emissions by 8 % while assuring this happens at the lowest possible cost [22] . However, it is not yet clear at present how to best include CHP installations in this scheme.
5.Outlook
Without appropriate political intervention, diffusion of CHP into liberalised energy markets is likely to be modest, at least in the early stages of market opening. In the longer term, we expect brighter prospects for CHP due to free access of independent power producers (who may exploit market niches) and higher fuel prices (e.g. due to increasing scarcity and increasing internalisation of external costs), provided the barriers described are eliminated. Innovative small-scale CHP technologies may benefit from the liberalisation process and, together with other new energy conversion technologies, have the potential to change the prevailing "top-down" energy paradigm towards a more decentralised energy system. Power parks, in which existing resources, appropriate conversion technologies, and energy needs can be optimally matched, are an interesting and inspiring development in this respect. Moreover, coupled with modern data communication technologies, a significant number of "virtual power plants" might be commercially established within a few years. The expected widespread diffusion of modular and mass-produced energy technologies, especially fuel cells, is a major element in this development. However, incentive schemes that adequately account for the environmental and socio-economic benefits of CHP systems are a prerequisite to foster such a development, and the establishment and maintenance of fully functioning markets has to be actively pursued by policy-makers and regulators alike. In this respect, the proposed EU directive on the promotion of CHPdespite several weaknesses which need to be discussed thoroughly -provides a good starting point to promote the establishment of CHP.
